The effects of several drugs, including antagonists of vasoactive intestinal peptide (VIP), and antisera to VIP or peptide histidine isoleucine (PHI), on relaxation responses of guinea-pig isolated trachea to electrical field stimulation (EFS) have been examined. 2 /3-Adrenoceptor blockade with propranolol only partially blocked the inhibitory response to EFS, but had no effect in tissues from animals pretreated with 6-hydroxydopamine or reserpine. 3 Neither adenosine deaminase, in the presence of dipyridamole, nor the potent adenosine antagonist NPC205 (1,3-n-dipropyl-844-hydroxyphenyl)-xanthine) had any effect on the inhibitory response to EFS. Leu"7]-VIP had no effect on the inhibitory response to EFS. Moreover, they were without effect on responses to exogenous VIP or PHI. 5 Overnight incubation with VIP antisera markedly reduced the inhibitory response to EFS. PHI antisera had a similar, but smaller effect. 6 In the presence of a concentration of VIP that is maximal for its relaxant effect, inhibitory responses to electrical stimulation were greatly inhibited. 7 Naloxone and reactive blue 2 each had no effect on inhibitory responses indicating that endogenous opioids and adenosine 5'-triphosphate (ATP) respectively are not involved. 8 The results suggest that VIP and PHI, but not adenosine, contribute to non-adrenergic, noncholinergic inhibitory nerve responses of guinea-pig trachea. Moreover, the surprising lack of effect of both VIP antagonists on these responses, and in particular, on responses to exogenous VIP, suggests that the receptors mediating VIP-induced tracheal relaxation are different from those that mediate pancreatic secretion.
Introduction
The neurogenic response of airway smooth muscle from several species to electrical field stimulation (EFS) is biphasic, consisting firstly of a predominantly cholinergic contraction, followed by a prolonged relaxation (Coburn & Tomita, 1973; Coleman & Levy, 1974; Ito & Takeda, 1982; Altiere & Diamond, 1984; Taylor et al., 1984; de Jongste et al., 1987) . The second phase of the response does not involve exclusively the classical noradrenergic or 'Author for correspondence. cholinergic systems (reviewed by Karlsson, 1986) , but is mediated, in part, by non-adrenergic, noncholinergic (NANC) neural mechanisms. This was first demonstrated in guinea-pig trachea (Coburn & Tomita, 1973; Coleman & Levy, 1974) , wherein a major component of the response is resistant to atropine, propranolol or chemical sympathectomy with reserpine or 6-hydroxydopamine (6-OHDA).
It has been suggested that the NANC inhibitory component is mediated either by adenosine (Satchell, 1984) or vasoactive intestinal peptide (VIP, Matsuzaki et al., 1980; Ito & Takeda, 1982) . However, the evidence for either of these neurotransmitter candidates is inconclusive and controversial (Barnes, 1986; Karlsson, 1986) . VIP immunoreactive fibres have been localized in the lung of several species (Uddman et al., 1978; Dey et al., 1981; Hakanson et al., 1983) . Matsuzaki et al. (1980) demonstrated a tetrodotoxin-sensitive release of VIP from guinea-pig trachea during EFS, that the amount released correlated with the degree of relaxation, and that preincubation with VIP antiserum reduced the NANC response. This study has been questioned (Karlsson & Persson, 1983; in that, firstly, the specificity of the antibodies was not determined, and secondly, that Matsuzaki et al. (1980) used the very small relaxations obtained (5-30mg) in their calculations. Ito & Takeda (1982) found that the relaxation of feline trachea to nerve stimulation was much reduced by partial desensitization to VIP. However, the peptidase a-chymotrypsin has no effect on the NANC relaxation in this preparation (Altiere & Diamond, 1985) . It has been suggested (Barnes, 1986; Karlsson, 1986 ) that another inhibitory substance may be released with VIP during nerve stimulation. For example, VIP and peptide histidine isoleucine (PHI) have identical distribution in the airways (Lundberg et al., 1984) , and these peptides, released as cotransmitters, may mediate the NANC inhibitory response (Barnes, 1986) .
Conclusive evidence for VIP as a NANC transmitter in the airways has been lacking, largely due to the unavailability of a specific VIP receptor antagonist. Recently, however, two such drugs have been described: [AC-Tyr1, D-Phe2]-GRF(1-29)-NH2 has been found to be a VIP antagonist in rat pancreatic membranes (Waelbroek et al., 1985) , and [4-Cl-DPhe6, Leu"7]-VIP a VIP antagonist both of guineapig pancreatic amylase secretion, and in colonic epithelial tumour cells (Pandol et al., 1986) . The purpose of the present study was to assess, using several drugs including VIP antagonists, the role of VIP, PHI or adenosine in NANC relaxations to EFS in guinea-pig isolated tracheal smooth muscle. We also examined the effect of antisera specific for VIP or PHI.
Methods
Male, Duncan-Hartley guinea-pigs (350-500g: Hazelton, Denver, PA) were stunned, exsanguinated and the trachea removed. This was placed in modified Krebs-Henseleit solution (composition mM: NaCl 118, KCI 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25.0, glucose 10.0). Following removal of fat and connective tissue, the trachea was slit along its longitudinal axis, and transverse strips consisting of two adjacent cartilage rings were prepared and suspended between two platinum ring electrodes in 10 ml organ chambers containing Krebs solution, maintained at 37°C and gassed with 5% CO2 in 02* Preparations were connected to force-displacement transducers for measurement of isometric tension responses. Before each experiment the tissues were equilibrated for 60 min at an initial resting tension of 1.5 g, and washed with fresh solution every 15 min.
Atropine (1 gM) and propranolol (1 pM) were present in the tissue bath except where stated. Rectangular pulses were delivered to the electrodes from an HSE Type 215 stimulator, and frequencyresponse curves were generated by applying stimuli (50 V, 0.1Ims, 0.1-I00 Hz) to the preparations for 30s. Control frequency-response curves were obtained in each tissue. Where relevant, drugs were added to the bath 10 min before the construction of a second curve. Responses to nerve stimulation are expressed as the mean + s.e.mean. Concentration-response curves to VIP were obtained by the cumulative addition of the peptide to the bath. The VIP antagonists (1OpM) were then added, and once the tone returned to baseline, a second curve to VIP was constructed.
Antisera to VIP and PHI For some experiments, tracheal strips were incubated overnight in oxygenated Krebs solution (4°C) containing antiserum either to VIP or PHI. Control tissues were incubated in the same volume of Krebs solution. Experiments were carried out the following day. Following equilibration, a reference contraction to methacholine (MCh, 5pM) was obtained, NANC responses to EFS were expressed as a % of the maximum relaxation produced by sodium nitroprusside (SNP, 30 pM), added at the end of the experiment.
The VIP antibodies exhibit less than 0.001% cross-reactivity with PHI/PHM and related peptides, and the PHI antibodies exhibit 0.04% crossreactivity to secretin, 0.03% to VIP and less than 0.01% to other peptides (specificities provided by supplier). In initial experiments, it was found that incubation with the antisera completely abolished responses, not only to EFS, but also to MCh and SNP. Since the antisera contain the preservative merthiolate (0.01%), we thought that this reagent may have been responsible for the toxic effect. In subsequent experiments, therefore, merthiolate was removed by dialysis against Krebs solution. Under these conditions, incubation with antisera had no apparent toxic effects.
Chemical sympathectomy Guinea-pigs were injected i.p. either with 6-hydroxydopamine (6-OHDA) or reserpine. 6-OHDA pretreatment consisted of an initial dose of 100mgkg-1 followed by 250mgkg-' 24h later (Fedan et al., 1981) . The animals were killed 24h after the second dose. Reserpine (5 mg kg1-i.p.) was given as a single injection 24 h before the experiment (Wakade & Krusz, 1972) . 
Results
Responses to electrical field stimulation Responses to EFS consisted of a rapid increase in tension, followed by a more pronounced and prolonged relaxation (Figure 1 ). Following cessation of stimulation, the tension retumed slowly to baseline. After stimulation at a frequency of 50Hz, the time taken for 50% recovery was 317 + 34s (n = 10). The initial, phasic contractile response was abolished by log frequency (Hz) Figure 2 Frequency-response curves for relaxation of guinea-pig trachea induced by electrical field stimulation. Atropine (1pM) maintained for over three hours, was applied. By raising the tone of the preparation back to the control level with histamine it was possible to determine the effects of a large concentration of VIP on the inhibitory response to EFS. This procedure resulted in a 40% reduction in magnitude of the inhibitory responses to EFS ( Figure 5 ).
VIP and PHI antisera
Incubation with VIP antiserum markedly reduced NANC responses (Figure 6 ). Similar, although smaller, effects occurred in tissues incubated with PHI antiserum (Figure 6 ). ited small, transient rises in tension. When the tension returned to baseline, in 10-15min, a second frequency-response curve was obtained. Since the VIP antagonists altered neither the magnitude nor the duration of responses to EFS, we determined their effects on exogenous VIP. Curiously, neither antagonist affected responses to exogenous VIP (Figure 7 ). In addition, responses to PHI were unaffected by the antagonists (n = 4, data not shown).
Discussion
The biphasic response of guinea-pig trachea to EFS concurs with previous studies in this, and other species, including man (Barnes, 1986; Karlsson, 1986) . Similarly, the cholinergic nature of the initial contraction is well-documented. The observation in the present study, that propranolol reduced the magnitude of the relaxation by only 40%, confirms the large NANC component (Coburn & Tomita, 1973; Coleman & Levy, 1974) . This is further supported by the observation that in trachea from guinea-pigs chemically sympathectomized with 6-OHDA or reserpine, propranolol has no effect on the inhibitory response to EFS. In human isolated airway smooth muscle the neurogenic inhibitory response does not involve adrenergic nerves, but rather, NANC neural mechanisms appear to account for the total relaxation (Taylor et al., 1984) .
'°°r 2 Adenosine as the NANC transmitter A few studies have suggested that in guinea-pig trachea, the NANC inhibitory response to EFS may be mediated by adenosine. For example, the NANC relaxation is augmented by adenosine uptake blocking drugs (Coleman & Levy, 1974) , and attenuated by adenosine deaminase (Satchell, 1984) . In contrast, the present study failed to demonstrate any effect of the adenosine catabolizing enzyme on the inhibitory response. The reasons for this discrepancy are unknown, but may involve the use of older animals and different tracheal preparations by Satchell (1984) . Other studies have failed to demonstrate an effect of the adenosine receptor antagonist theophylline on the NANC relaxation of guinea-pig trachea (Coleman, 1980; Karlsson & Persson, 1984) . Similarly, in the present study, the specific adenosine antagonist NPC205 (Schwabe et al., 1985; Kaplita et al., 1986) was without effect on the NANC response. This drug is a potent antagonist of adenosine receptor-mediated relaxation of guinea-pig trachea (Farmer et al., 1988) . It is unlikely, therefore, that the NANC neurotransmitter in guinea-pig trachea is adenosine.
ATP as the NANC transmitter
Reactive blue 2 has been described as an antagonist of P2y-purinoceptors, mediating adenosine 5'-triphosphate (ATP)-induced relaxations in several intestinal and vascular preparations (Burnstock & Warland, 1987) . In the present study, this agent had no effect on the tracheal NANC relaxation, indicating that ATP acting at P2Y-receptors is not involved.
Indeed, since the stable analogue, a,,B-methylene ATP is inactive in guinea-pig trachea, it has been suggested that there are no receptors for ATP in this tissue, and that relaxant responses to ATP are mediated by its breakdown product adenosine (Christie & Satchell, 1980) . Moreover, while ATP-induced tracheal relaxation is virtually abolished by indomethacin, the NANC response is unaffected by the cyclo-oxygenase inhibitor (Karlsson & Persson, 1984) . Consequently, ATP is unlikely to be the NANC transmitter in this tissue.
Peptides as the NANC transmitters
Another putative neurotransmitter candidate in guinea-pig airways is VIP, possibly released as a cotransmitter with PHI (Uddman et al., 1978; Matsuzaki et al., 1980; Dey et al., 1981; Barnes, 1986; Karlsson, 1986) . The present study confirms previous findings (Venugopalan et al., 1986 ) that both peptides are potent relaxants of guinea-pig tracheal smooth muscle, VIP being approximately two orders of magnitude more potent than PHI (Lundberg et al., 1984) .
In the absence of specific antagonists, alternative experimental approaches are frequently employed to obtain evidence for a putative neurotransmitter candidate. Specific desensitization of cat trachea to VIP, by repeatedly applying the peptide until the response of the preparation was greatly reduced, attenuated the NANC response (Ito & Takeda, 1982) . In the present study we attempted, unsuccessfully, to desensitize guinea-pig trachea in a similar manner. We therefore exposed the preparations to a maximum relaxant concentration of VIP, in an attempt to attenuate the response to EFS. This experiment was complicated by the fact that, in the presence of VIP, the trachea remained relaxed for up to 3h. Therefore, in order to observe further relaxation to EFS, it was necessary to raise the tone with exogenous histamine. Under these conditions, the NANC inhibitory response was reduced by approximately 40%, suggesting that VIP may be involved. It is noteworthy that desensitization to the relaxant effect of VIP in guinea-pig trachea in vivo also causes a decrease in the response to NANC nerve stimulation (Venugopalan et al., 1981) . It is interesting that, even in the presence of propranolol and a maximally effective concentration of VIP, a major component of the NANC response is still evident. This suggests that a neurotransmitter other than noradrenaline or VIP has a role in the neurogenic relaxation. This other transmitter may be PHI, which has the same distribution in the airways as VIP (Lundberg et al., 1984) , and may be released as a cotransmitter with VIP (Barnes, 1986) . Conclusive evidence is lacking, however, since we did not determine whether the desensitization to VIP was specific. Furthermore, incubation with PHI antiserum had only a small effect on the magnitude of the NANC relaxation. Conversely, it is possible that another, as yet unknown and perhaps non-peptide, transmitter is involved.
Overnight incubation with VIP-antiserum markedly reduced the magnitude of the NANC inhibitory response of guinea-pig trachea (Matsuzaki et al., 1980) , and this was taken to support the notion.that VIP is an inhibitory neurotransmitter. As mentioned, however, this study has been criticized (Karlsson & Persson, 1983; , in that inhibition of the NANC response by antiserum was expressed as a percentage of a poorly defined, and very small relaxation. In addition, Matsuzaki and colleagues did not establish the specificity of their antibodies. In the present study we determined the effect of commercially obtained antisera to VIP or PHI on the NANC response. Both antibodies exhibit less than 0.03% cross-reactivity with each other. Furthermore, the neurogenic relaxations are comparable in magnitude to those obtained by others (Karlsson & Persson, 1984; Taylor et al., 1984) .
Preincubation with VIP antiserum caused an approximately 60% reduction in magnitude of the NANC inhibitory response; similar to the 70% reduction obtained by Matsuzaki et al. (1980) . We also found that PHI antiserum caused only a 20% reduction in the response. It was not possible to examine the effect of VIP and PHI antisera in combination, since mixing the two solutions diluted the VIP antibody to the extent that its effect was markedly reduced. Nevertheless, the separate effects of the antisera strongly imply that VIP in particular, and possibly also PHI, play a role in the NANC inhibitory response to EFS in guinea-pig trachea. That their effects were specific is strengthened further since relaxations to SNP and contractions to MCh were not affected, either by the incubation procedure or by the antisera.
Effect of naloxone
It has been demonstrated that the opiate antagonist naloxone inhibits VIP-and splanchnic nerveinduced catecholamine secretion in rat adrenal medulla (Malhotra & Wakade, 1987a, b) . These authors suggested that VIP may be a neurotransmitter in the adrenal medulla, and that naloxone, in the relatively high concentrations used, has a nonspecific effect on VIP receptors. Naloxone, however, even at 100pM, was without effect on the NANC response in guinea-pig trachea. This also suggests that opioid peptides are not involved in the response.
Effect of VIP antagonists
Until recently, conclusive evidence for the role of VIP in NANC neurotransmission has been hindered by the lack of a specific antagonist. However, both [Ac-Tyr', D-Phe2]-GRF(1-29)-NH2 and [4-CI-DPhe6, Leu"7]-VIP have been found to be competitive VIP antagonists in intestinal and pancreatic cells (Waelbroeck et al., 1985; Pandol et al., 1986) . Consequently, we sought to determine their effects on the tracheal response to EFS. However, these agents had no effect on the NANC relaxation.
There are several possible explanations for the lack of effect of the antagonists, the most obvious, perhaps, being that VIP is not a NANC transmitter in guinea-pig trachea. However, the results with VIP desensitization, and those with VIP antiserum in the present study, as well as those obtained by Matsuzaki et al. (1980) , do not support this conclusion. In addition, the putative antagonists were without effect on responsiveness to exogenous VIP (or PHI). Another possibility is that the VIP receptors mediating tracheal relaxation are different from those mediating release of pancreatic amylase or colonic epithelial Cl-secretion (Pandol et al., 1986) . It would be interesting to determine the action of these VIP antagonists in other systems where VIP has an effect. Preliminary data indicate, for example, that [4-Cl-D-Phe6, Leu17]-VIP (10 M) displaces specific radiolabelled VIP binding from rat forebrain membranes (P.V. Kaplita, personal communication) . Nevertheless, in view of the lack of effect of the antagonists in guinea-pig trachea (despite the marked reduction of the NANC response by VIP antiserum), conclusive evidence for, or against, the NANC transmitter role of VIP, remains equivocal.
In conclusion, the results of the present study provide evidence that at least three neurotransmitters, noradrenaline, VIP and PHI, mediate the neurogenic relaxation in guinea-pig trachea. However, even in preparations desensitized to VIP, or preincubated with specific antisera to VIP or PHI (in the presence of propranolol), a significant component of the NANC response remains. It is conceivable that another neurotransmitter, probably neither adenosine, ATP nor opioid, is also involved in the NANC inhibitory response.
